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Introduction
Solid oxide fuel cell (SOFC) is an electrochemical power source enabling direct conversion of gas fuels to electricity and heat. AS-SOFC supported mechanically by anode material allow reduction of operating temperature to 600-800°C range and increase of electrical performance. SOFC technology has a strong potential to compete in the future with conventional combustion technology due to its low emission levels, high efficiencies, fuel flexibility and ability to simultaneously produce high quality heat and electricity.
Gas fuels derived from biomass or coal in the gasification process, biogas, natural gas, LPG and other fuels are reformed by steam (SR) or partially oxidized (POX) before entering SOFC stack. However, such fuels usually contain contaminants, leading to decreased SOFC performance [1, 2] or even degradation of anode material. To reach the quality required for the stable, longterm SOFC operation, fuel has to be treated in several steps. The raw fuel gas has to be filtered and harmful contaminants removed by sorbents or other means [3] . Complete removal of contaminants from the fuel stream is often difficult or economically not feasible and some contaminants reach fuel cell at the reduced levels. This in turn leads to variations in the fuel cell performance, dependent on the actual contaminant concentrations in the fuel [4] . Experimental validation of the practical thresholds for contaminant content in the fuel is essential for SOFC technology applications.
The sulphur compounds are the most common contaminant in gaseous fuels supplied to SOFC anode. For example, in the raw biogas hydrogen sulphide H 2 S content depends on the type of waste (agricultural, wastewater, household, food) , and it varies in the range 20÷20 000 ppm. The SOFC performance degradation mechanism with H 2 S present in the fuel is not completely understood (especially at low concentrations, ppm's level or below). Experimental studies suggest that H 2 S leads to blockage of the fuel adsorption sites.
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Determination of H 2 S and HCl concentration limits in the fuel for anode supported SOFC operation Syngas derived from biomass or coal in the gasification process contains also hydrogen chloride HCl which typically ranging from 10 to 500 ppm. The effect of HCl on SOFC performance has been addressed in several studies, with varied results. Suggested poisoning mechanisms included both reversible chlorine adsorption on Ni surfaces and irreversible NiCl 2 formation.
In addition to H 2 S and HCl, a range of other impurities affect SOFC cell performance, leading often to irreversible anode modifications. The effect of As, P, Sb, NH 3 , Zn, Cl, Hg, Cd, Se and Si has been reviewed by Cayan et al. [5] . In most cases tests have been performed for up to 500 h.
Arsenic (As), present in the biomass gasification syngas in the form of AsH 3 , reacts with the nickel and forms NiAs compound. The NiAs is less electronically conductive than nickel. At similar concentrations, AsH 3 is less harmful to SOFC anode than H 2 S since it does not directly affect reaction zone at the anode/electrolyte interface [6] .
Ammonia (NH 3 ) was not shown to have negative effect on the SOFC cell performance. Test with up to 0.5 vol% of NH 3 have been performed at 1000°C without any performance degradation. Ammonia, similar to CO and CH 4 can be considered a fuel for the solid oxide fuel cell.
Phosphorous compounds (PH 3 or (P 2 O 3 ) 2 ) lead to irreversible degradation of anode due to formation of a new phase between phosphorous compounds and nickel. 2 ppm of PH 3 at 800°C led to increase of the area specific cell resistance (ASR) by 50% [7] .
Mercury (Hg) shows no visible effect on the cell performance at 800ºC at the 0.18 ppm concentration after 120 h of operation. However, 7 ppm of Hg led to 2% performance decline after 100 h of operation at 800ºC. Selenium (Se) in the amount of 0.5 ppm shows steady decline while 5 ppm of Se leads to 25% power density loss after 75 h.
Silica (Si) is present in the form of Si(OH) 4 and may form silica rich regions at the anode surface. Silica is not expected to cause significant decline of SOFC performance.
Antimony (Sb) present in the form of 8 ppm SbO in the fuel stream leads to only 1% performance decline at 800ºC and 850ºC after 100 hours.
Tars are present in the biomass derived syngas with the composition (naphthalene, pyren, phenol, ect.) and concentration varying based on the biomass feed type. With concentrations of up to 1.5% of tars in the syngas, complete tar conversion in the SOFC anode is possible [8] , especially under the SOFC cell load conditions, due to high catalytic activity of Ni/ZrO 2 anode. Tar is converted to gaseous fuel.
Higher concentrations of tar may cause char formation at the anode, even at high temperatures, leading to lower performance. Consequently, humidification of the syngas stream and partial decomposition of tars is necessary. Thermodynamic conditions for the char formation can be calculated. However, the process is often kinetically driven and chars may not always form when thermodynamic equilibrium predicts char formation. At lower temperatures significant portion of tars, if present, makes transition to liquid phase (below 400°C) and solid phase (below 100°C).
In addition to direct cell performance degradation, impurities such as P, As and Sb may react with the interconnect steels (Crofer22APU, SS441, Inconel 600) forming new phases on the surface and affecting interconnect surface oxidation process [9] . This may lead to accelerated degradation of interconnects and increased contact resistance.
Selection of operating conditions
Ni/YSZ cermet as SOFC anode offers advantages such as thermodynamic stability and desirable electrochemical properties at higher temperatures [10] , low electronic conductivity and acceptable cost. The anode contact, support and functional layers are implemented to minimize anode overpotential. The presence of contaminants, such as H 2 S in the fuel often leads to blockage of the fuel adsorption sites. Consequently, anode overpotential, cell voltage under load and generated electric power are decreasing while heat generation is increasing [11]:
The effect of H 2 S on the Ni/YSZ cermet anode performance is related to dissociative chemisorption of H 2 S on the nickel surface in the H 2 S/H 2 atmosphere. For relatively low concentrations of sulphur (ppm's level or below), reversible adsorption/desorption processes have been considered as the predominant mechanism [12, 13] . At higher concentrations, performance losses are attributed to the formation of bulk NiS species [14] [15] [16] .
The equilibrium surface coverage of nickel is described at high temperatures by the adsorption isotherms, as correlated by . The relationship is valid in wide range with the exception of very low and very high sulphur coverage:
where:
The sulphur coverage of nickel in equilibrium increases significantly at lower temperatures ( Fig. 1 ) and hydrogen partial pressures (Fig. 2) . The higher sulphur coverage decreases the number of Ni sites available for the hydrogen adsorption on the anode surface.
Rasmussen and Hagen [18] investigated SOFC cell performance of the fuel contaminated with 2-100 ppm of H 2 S (850°C, 24 h period, current density of 1000 mA cm -2 ). Two regions for the cell voltage drop have been clearly visible: initial, fast voltage drop followed by the slower performance decline. The initial voltage drop of 75 mV was measured after introduction of 2 ppm H 2 S at 850°C. The voltage drop has increased to 95 mV after introduction of 10 ppm of H 2 S to the fuel stream. The reversibility of the H 2 S poisoning was shown. The chemisorption mechanism of the H 2 S poisoning was postulated. Sulphur blocks hydrogen access to the reaction site. However, no significant microstructure changes have been observed.
Rasmussen and Hagen [19] studied also SOFC performance loss during long term tests (500 h). Under exposure of 2 ppm of H 2S (850°C , 1 A cm -2 ), the cell voltage experienced a severe degradation of 237 mV. Comprehensive study of SOFC durability and influence of impurities was detailed analysed by Sasaki et al. [13] . Poisoning tests were carried out with 5 ppm of H 2 S, at 800°C and under constant current density 0.2 A cm -2 for up to 3000h. Cell degradation rate was slightly higher comparing to SOFC fuelled by fuel without any contaminants. Observation revealed that cell voltage decreased up to ca. 200 h and then remained almost constant. The present study was undertaken because literature review indicated the area where further analysis needed to be done or repeated. The AS-SOFC cell performance was examined in following conditions:
-time of test 200-400 h, -1 and 2 ppm of H 2 S (800°C) under constant current 250 mA cm -2 , -0.3 and 1.5 ppm of H 2 S (750°C) under constant current 200 mA cm -2 , -1 ppm of H 2 S (750°C) under constant current 250 mA cm -2 .
The effects of HCl on the cell performance has been also evaluated by Li et al. [20] at temperatures 750°C and 850°C for the anode supported cell, fuelled with hydrogen and operated galvanostatically at 250 mA cm -2 . There was no effect of HCl observed for concentrations of up to 8 ppm of HCl at 850°C and 10 ppm of HCl at 750°C during the 1 hour test.
The results presented by Trembly [21] for the electrolyte supported button type SOFC cells at 800°C indicate 17.4% performance loss at 20 ppm HCl concentration. He suggested the reaction between Ni and HCl which leads to formation of NiCl 2 . Similar anodesupported cell tested by Bao [22] at 750°C and 800°C has shown no significant performance loss at 40 ppm HCl concentration. Possibly, anode-supported cells are more resistant to HCl impurities compared to electrolyte supported cells as a result of extended anode internal surface.
In addition to HCl, other chlorine containing contaminants have also been tested by Li et al. [20] : Cl 2 , CH 3 Cl and C 2 H 3 Cl. All contaminants have been Sulphur coverage of the Ni surface in the 1 ppm H 2 S/H 2 atmosphere in equilibrium at 800°C as a function of hydrogen partial pressure.
introduced directly into the hydrogen inlet stream. There was reported no effect of Cl 2 at 850°C for 1, 2, 3 and 4 ppm of Cl 2 concentrations (3h cell operation at any of the concentrations). There was only a slight effect registered at 5 ppm to 9 ppm range of Cl 2 concentrations (1 h cell operation at any of the concentrations). At 750°C the effect of Cl 2 was more pronounced. Up to 24 mV cell voltage decline was observed at 4 ppm Cl 2 concentration.
The injection of CH 3 Cl to the hydrogen stream at 850°C resulted in the visible performance loss at 6 ppm of CH 3 Cl, reaching over 15 mV voltage loss at 250 mA cm -2 after ca. 50 h. As expected, higher voltage loss (25 mV) was observed at 750°C at the same current density. Similar performance losses were noted for the C 2 H 3 Cl contaminant at similar operating conditions.
In summary, the effect of HCl on the cell performance is much lower than the effect of Cl 2 , CH 3 Cl and C 2 H 3 Cl impurities. The long term tests, reported later in this paper, have been performed at the Instytut Energetyki for anode supported Ni-YSZ cermet anodes operated at 250 mA cm -2 at 750°C with 50%H 2 /50N 2 % fuel humidified with 3% H 2 O. The cell was operated for around 50 hours at each of the HCl tested concentrations (1 ppm, 3 ppm and 10 ppm).
Experimental procedure
In order to evaluate necessary levels of the syngas decontamination, experimental setup for the investigation of contaminants in the fuel was assembled and tested. In the experiment, individual fuel components are supplied from gas cylinders, mixed, humidified and supplied to SOFC cell. Tests were carried out with 5×5 cm 2 anode supported SOFC under constant current densities. The SOFC cell performance was evaluated using constant current load, varying contaminant levels and identical fuel inlet composition (47.5%H 2 +47.5%N 2 +3%H 2 O). Different concentration of H 2 S and HCl were analysed. Prior to experiments, literature study about mechanism and scale of tested concentration was conducted.
Test stand consisted of several components/ subsystems: the gases supply system, electrical furnace, mass flow controllers (ERG MIX 4), humidifier Cellkraft P10, electronic load CHROMA type 632010, condenser. Current collectors are made from gold in order to minimise contact and conduction losses. The controlling system was built in LabVIEW.
Results and discussion

The effect of H 2 S on the AS-SOFC cell performance
The effect of H 2 S on the SOFC cell performance has been investigated at 800°C. The AS-SOFC cell was operated for 260 hours. Performance tests indicated negligible short term effect (~200 h) of up to 1 ppm H 2 S concentration in the fuel at 800°C. Another test was performed at the same temperature but with 2 ppm H 2 S. The anode supported 5×5 cm 2 SOFC cell was operated at 250 mA cm -2 current density. After 3.5 hours of SOFC cell operation on clean fuel, 2 ppm of H 2 S was introduced to the fuel. The results of SOFC cell operation, at 250 mA cm -2 current density and with 2 ppm H 2 S in the fuel, are shown in Fig. 3 . The voltage decline of 101 mV has been recorded after 161 hours of operation. Two times higher H 2 S content in the fuel was responsible for the average voltage drop 0.63 mV h -1 of SOFC cell at 250 mA cm -2 . During the last 7 hours of the test, SOFC cell was operated with contaminant-free fuel and cell voltage started to recover slowly. The results indicate that H 2 S content up to 1 ppm is acceptable for the cell operation while 2 ppm H 2 S content is too high for the cell operated at 800°C.
The effect of H 2 S on the SOFC cell performance has been also investigated at 750°C. Following SOFC anode reduction, SOFC cell performance was evaluated using clean fuel (Fig. 4) . In the next step, anode supported 5×5 cm 2 SOFC cell has been operated at 200 mA cm -2 . After 15 hours H 2 S free SOFC cell operation, 1.5 ppm of H 2 S has been introduced to the fuel stream.
The results of SOFC cell operation, at 200 mA cm (Fig. 5, bottom) . Following H 2 S introduction to clean fuel, the "fast" performance decline region (Region II in Fig. 5 ) is followed by the transition region and "slow" performance decline region (Region IV in Fig. 5 ) starting after 15 hours. The cell performance in both regions fits the following equations: Region II ("fast" decline):
Region IV ("slow" decline) The results indicate that 1.5 ppm H 2 S content is too high for the cell operation at 750ºC while any H 2 S content up to 1 ppm is acceptable at 800ºC. In the real SOFC stack, stack temperature is not isothermal and temperature differentials in the stack often approach 50÷100ºC (depending on the cell size and stack configuration).
Another test was made at 750ºC but with 0.5 ppm H 2 S. Anode supported 5×5 cm 2 SOFC cell has been operated at 200 mA cm -2 . The voltage decline of 122 mV has been recorded after 160 hours of operation. The sulphur content of 0.5 ppm was responsible for the average voltage drop 0.77 mV h -1 of SOFC cell operated at 200 mA cm -2 . Finally, the effect of 0.3 ppm H 2 S on the SOFC cell performance at 200 mA cm -2 current density was investigated. The results of SOFC cell operation are shown in Fig. 6 .
The voltage decline of 91 mV has been recorded after 162 hours of operation. Five times lower sulphur content in the fuel for such a long time was responsible for the average voltage drop 0.56 mV h -1 of SOFC cell at 200 mA cm -2 current density. It is almost three times slower performance decline when compared to test with 1.5 ppm H 2 S in the fuel. All three tests with different level of H 2 S concentration in the fuel (1.5 ppm, 0.5 ppm, and 0.3 ppm), were completed with identical SOFC cell. Both, optical and scanning electron microscope studies of fuel cell showed no effect of contaminants in the microstructure. The effect of 0.3 ppm H 2 S on the SOFC cell performance at 200 mA cm -2 current density at 750°C for the fuel (50%H 2 /%50N 2 ) humidified with 3% H 2 O.
The lower H 2 S content leads to slower voltage decline at 200 mA cm -2 current density. Intervals between consecutive tests were very long in order to regenerate the SOFC cell.
Additional test was performed with 1 ppm H 2 S concentration in the fuel at 750°C.The SOFC cell was investigated at current density 250 mA cm -2 . The results of SOFC cell operation are shown in Fig. 7 . After 3 hours H 2 S free SOFC cell operation, 1 ppm of H 2 S has been introduced to the fuel. The voltage decline of ca. 170 mV has been recorded after 90 hours of operation.
The performance data fits logarithmic decline pattern well. Several distinctive decline regions are visible (Fig. 8) . Following H 2 S introduction to clean fuel, the "fast" performance decline region (Region II in Fig. 8) , is followed by the transition region and "slow" performance decline region (Region IV in Fig. 8 ) starting ca. 23 hours after H 2 S is introduced to the fuel. The cell performance in both regions fits the following equations:
Region II ("fast" decline): of SOFC cell at 250 mA cm -2 current density. Faster performance degradation process with 1.5 ppm H 2 S in the fuel can be explained by higher current density. To sum up, H 2 S content in the fuel for the stack operating at 750°C, should be much lower than 1 ppm.
The effect of HCl on the AS-SOFC cell performance
In the previous chapter, the effect of H 2 S on the SOFC fuel cell performance was investigated at 800°C and at 750°C. Similar tests were performed to evaluate HCl effect on the SOFC performance at 750°C. The cell was operated for 340 hours with above average degradation of performance (16.2 mV) on clean fuel (Fig. 9 ). Anode supported cell (fuel: 47.5%H 2 +47.5%N 2 +3%H 2 O) was operated at 250 mA cm -2 current density. After 113 hours of HCl free operation, 1 ppm of HCl was introduced to the fuel. The test was carried out for 48 hours with no visible influence of HCl on the cell performance. In the following step, HCl content was increased to 3 ppm for 48 hours. Finally, the cell was operated on clean fuel for 5 hours and with 10 ppm HCl in the fuel for 67 hours. The recoverable cell voltage drop of 10 mV was observed.
Microstructural characteristics
The microstructural analysis was carried out (both before and after the tests) to explore factors leading to cell performance loss. The cells after the tests were cooled to room temperature in H 2 /N 2 atmosphere. Fig. 10 presents SEM image of the reference AS-SOFC cell. Fuel delivered to the anode (humidified mixture of hydrogen and nitrogen) did not include any contaminants.
Identical analysis was performed for all tested AS-SOFC cells, with and without contaminants. The SEM analysis revealed no visible effect of contaminants on the microstructure. Moreover, post-test EDS analysis did not indicate any sulphur or chlorine traces present on the cell surface or cell cross-section.
These findings suggest that the adsorption on the surface of the Ni particles and blocking of H 2 reaction sites on Ni is the main poisoning mechanism during the long term tests with H 2 S and HCl in the fuel, for the tested concentrations of contaminants.
Conclusions
The effect of contaminants containing chlorine in form of HCl and sulphur in form of H 2 S on the AS-SOFC performance has been investigated at the operating temperatures of 750°C and 800°C.
Hydrogen sulphide causes higher performance degradation. The H 2 S content in the fuel decreases the performance of the SOFC system even in the ppm range. The cell performance was evaluated using constant current load at varying contaminant levels. The effect of contaminants is reflected by the lower cell voltage.
Performance tests indicated insignificant short term effect (~200h) of up to 1 ppm of H 2 S content in the fuel at 800°C and visible influence of 2 ppm H 2 S. The tests demonstrated that any H 2 S content up to 1 ppm is acceptable at 800°C. Another set of tests was conducted at 750°C for H 2 S concentration of 0.3 ppm, 0.5 ppm, 1 ppm, and 1.5 ppm. As expected, lower AS-SOFC operating temperatures require higher desulphurisation. Experimental tests proved that 1 ppm H 2 S content in the fuel is too high for the anode-supported SOFC cell operating at 750°C.
When compared to H 2 S, higher concentrations of HCl are acceptable for SOFC operation. The HCl concentrations of up to 10 ppm are feasible for the SOFC cell operation at 750°C. 
